Pericytes are mural cells with contractile properties. Here, we provide evidence that microvascular pericytes modulate cerebral blood flow in response to neuronal activity ('functional hyperemia'). Besides their role in neurovascular coupling, pericytes are responsive to brain damage. Cerebral ischemia is associated with constrictions and death of capillary pericytes, followed by fibrotic reorganization of the ischemic tissue. The data suggest that precapillary arterioles and capillaries are major sites of hemodynamic regulation in the brain.
THE LOCALIZATION OF HYPEREMIC RESPONSES IN THE CEREBRAL CORTEX
Neuronal activity is associated with an increase in cerebral blood flow called 'functional hyperemia'. 1 The cortical vessels mediating this response are distributed in a stereotypical pattern in rodents and humans. Namely, surface arterioles form an interconnected mesh that gives rise to 'penetrating arterioles', which dive perpendicularly into the cortex and branch radially to generate the capillary network. Notably, the location of these penetrating vessels does not match the distribution of functional neuronal units, even where the sizes of neuronal and vascular functional domains are approximately the same. 2, 3 Although the hyperemic responses quickly spread beyond the areas of neuronal activation due to the recruitment of large pial vessels, the cortical vascular system nevertheless achieves hyperemic responses that initially match neuronal units. What enables these localized responses if their canonical effectors, namely pial and penetrating arterioles, are not in the position to mediate them? Is there potential for modulation of blood flow downstream of these large vessels? The rheology in capillaries is governed by interactions between squeezed red blood cells and the vessel wall, so that small diameter changes are likely to have a large impact on blood flow. 1 A capillary site of blood flow control in the central nervous system would be capable of exerting an immediate and precise control of blood flow where the metabolic demand originates. 4 These considerations have directed the attention to a relative newcomer to the neuroscience field with a talent for multitasking: the pericyte.
A MULTITUDE OF MURAL CELLS
Pericytes are relatives of smooth muscle cells with a small fusiform cell soma and long processes that wrap around the vascular endothelium. They are tightly confined between sheets of the vascular basement membrane. Smooth muscle cells and pericytes compose a family of cells that populate all segments of the brain vasculature with a continuity of phenotypes ( Figure 1A ). The rodshaped vascular smooth muscle cells in arterioles are replaced by more ramified cells in smaller branches. In these vascular segments, mural cell projections are circumferential and loaded with α-smooth muscle actin ( Figure 1B ). The mural cell processes completely cover the endothelial tube, indicative of their contractile function. In capillaries, where the main exchange of gas and metabolites across the blood-brain barrier occurs, pericytes extend longitudinal processes that do not completely cover the endothelial tube ( Figures 1A and 1B ). As a matter of fact, the absence of circumferential processes has been suggested to define 'true' pericytes. 5 In venules, mural cells display a mesh of cell processes ( Figure 1A ) that could modulate the transmigration of immune cells which occurs preferentially at this level. 6 The degree of pericyte coverage of endothelial cells is inversely correlated with vascular permeability and the central nervous system has the highest pericyte density in the body. 5 Pericytes are vital for the development and the maintenance of the blood-brain barrier as revealed by transgenic mouse models with partial pericyte deficiency. 7, 8 They modulate the generation and regression of central nervous system capillaries to adapt to changes in oxygen availability. 9 
PERICYTES MODULATE CEREBRAL BLOOD FLOW DURING FUNCTIONAL HYPEREMIA
Contractile and blood flow-modulating properties have been ascribed to pericytes ever since their first descriptions by Eberth and Rouget more than a century ago. It is now well established that brain pericytes are contractile not only in culture, but also in isolated organ preparations. 10, 11 Likewise, observations of vascular reactivity in response to neuronal activation have recently displaced the locus of vascular control from the immediately obvious sites at pial or penetrating arterioles to smaller downstream vessels, namely precapillary arterioles and capillaries invested with pericytes. 11, 12 Using a pathologic model of functional hyperemia, we observed vascular reactivity in branches of the penetrating arterioles which we called 'precapillary arterioles' by virtue of their higher red blood cell velocity ( Figure 2B ). 11 In contrast, we failed to detect dilatations in capillaries with lower flow velocities ( Figure 2B ). 11 Recently, Hall et al 12 described functional responses in vessels termed capillaries by virtue of their lack of continuous coverage with mural cells using a more physiologic model of functional hyperemia. The responses to electrical whisker pad stimulation occurred more than a second earlier in these vessels than for the penetrating arterioles, suggesting that they did not just passively reflect a rise in upstream perfusion pressure. Also recently, Kornfield and Newman 13 have observed that functional hyperemia in the retina was driven primarily by the active dilation of arterioles. 13 Interestingly, blood flow in the retinal trilaminar vascular network was differentially regulated with the most pronounced active dilations occurring in intermediate layer capillaries. Altogether, the data suggest that pericytes in small vessels, rather than larger penetrating arterioles, are positioned at a privileged site to sense rises in neuronal activity, and effect blood flow changes.
The topological and functional measurements in recent publications 3, 14 suggest that the vascular path between penetrating arterioles and ascending veins in the murine cortex could span between 10 and 15 vascular segments separated by branching points. The microvessels that responded to neuronal activity in recent publications were mainly located on the arteriolar side of the network. [11] [12] [13] Irrespective of their categorization as capillaries or precapillary arterioles (denominations that lack general univocal definitions and are used inconsistently throughout the literature), there are other hints that suggest that the first branches downstream of the penetrating arterioles might be a privileged locus of blood flow regulation. Notably, these vessels carry higher flow rates than downstream capillaries. In a detailed in vivo two-photon study of the pattern of blood flow in cortical blood vessels in mice, velocities decreased about threefold over the first five branching orders downstream from penetrating arteries. 14 Cre-reporter strain, neural crest-derived vascular mural cells, including smooth muscle cells and pericytes, are genetically labeled with GFP. 29 Large arterioles, including penetrating vessels, and their smaller branches show a complete coverage of the vessel lumen with robust circumferential mural cell processes. In contrast, capillary pericytes extend longitudinal processes that do not completely cover the endothelial tube. Pericytes in venules show a distinct stellate morphology. (B) In rgs5 GFP mice, pericytes express GFP. 30 Double staining for GFP (green) and α-smooth muscle (SM) actin (red) reveals the circumferential contractile machinery of pericytes (arrowheads) in penetrating vessels (1) . An abrupt decrease in α-SM actin immunoreactivity is found in downstream vessels, including capillaries (2) vein. This is congruent with blood flow models on the basis of network reconstructions of the marmoset cortex, where the calculated perfusion pressures decrease consecutively along the first four generations of vessels, reaching a plateau thereafter. 15 The data suggest that a major decrease of the perfusion pressure, constitutive to the classical definition of resistance vessels, might extend somewhat downstream from the penetrating arterioles. Little is known about the spatial relationship between these first branches and the domains of neuronal functional units. Detailed reconstructions of the vascular network and neuronal units have dismissed a one-to-one relationship between penetrating arterioles and cortical barrels, but it would be interesting to see whether localized responses can be achieved through the concerted dilatation of these first branches of the penetrating vessels.
FUNCTIONAL HETEROGENEITY OF PERICYTES
Since we and others failed to obtain dilatory responses in capillaries to stimuli that caused dilatation in arterioles in vivo, 11, 16 pericytes in different segments of the microcirculation may have different roles in hemodynamic regulation.
The expression of contractile proteins in mural cells diminishes with decreasing diameter in brain microvessels. In particular, α-smooth muscle actin, a protein central to vascular contractility, is reduced or not detectable in most brain capillaries ( Figure 1B) . 13 Although this does not mean that capillary pericytes lack a contractile machinery (and indeed, the majority of pericytes across all vessel segments displayed diameter changes in response to in vitro stimulation 11 ), it suggests that pericytes in different segments of the microcirculation may have different contractile properties.
Pericytes and endothelial cells are electrotonically coupled through gap channels, 5 and contractile responses to electrical stimulation readily propagate between neighboring cells. 10 In the ureteric microvascular network, calcium transients (which mediate long lasting tonic constrictions of pericytes in precapillary arterioles, but do not cause constrictions in capillaries) propagate across arterioles, capillaries, and venules. 17 In the retina, electrotonic transmission is most efficient in capillaries. 18 The spreading voltage dissipates where arterioles branch into capillaries, which could enable the integration of capillary inputs into proximal arteriolar branches. The electrotonic transmission appears to occur very efficiently between neighboring endothelial cells, but less so between endothelial cells and pericytes, or between neighboring pericytes. 18 It therefore seems plausible that signals originating from pericytes in different capillary segments may be integrated and transmitted to upstream vessels by the endothelium. Pericytes and capillaries are also contacted by astrocytes, interneurons, and terminals from subcortical nuclei that affect cerebral perfusion. 1, 19 Another possibility linking pericytes to the spatial control of blood flow are slow and stable changes in pericyte tone, which could affect the functional properties of the capillary network, and restrict the spread of functional hyperemia to match neuronal functional units (even if the geometry and topology of the network does not predict the boundaries, as discussed above).
PERICYTE CONTRIBUTION TO CEREBRAL ISCHEMIA
After ischemia and reperfusion, a brief episode of hyperperfusion is followed by secondary hypoperfusion. Together with the increased metabolic needs of the peri-infarct region, the hypoperfusion contributes to the expansion of infarcted tissue beyond the boundaries of the initial perfusion deficit. 20 Structural alterations of the ischemic capillary bed have been identified that could contribute to the so-called 'no reflow phenomenon', including endothelial and astrocytic end-feet swelling. 21 In addition to structural changes, functional disturbances of the capillaries may also contribute to no reflow and secondary hypoperfusion. In fact, transmission electron microscopic images of the cerebral microvasculature after ischemia revealed indentations compatible with constrictions of capillary pericytes. 22 Peroxynitrite-mediated constriction of pericytes in ischemic lesions may impede the perfusion of the capillary bed even though proximal arteries are already reperfused. 23 Notably, we observed that capillary pericytes rapidly die after middle cerebral artery occlusion in mice. 24 These observations were later confirmed in rats. 12 Multiple pathways may result in pericyte constriction and death after stroke. Reactive oxygen species cause translocation of myosin in pericytes, leading to constrictions in vitro. 25 ATP and thromboxane A 2 are released in the ischemic brain, and act as potent constrictors of pericytes. 10, 11 Furthermore, an increase in cytosolic calcium is an intracellular signal for both apoptosis and increase in contractile tone. Contraction of the vessel wall can be maintained with very low energetic requirements (so-called 'latch state'). 26 Thus, increased pericyte tone and loss of pericytes are not opposite terms, but may occur sequentially, leading to profound flow disturbances after stroke. However, constriction of pericytes during tissue damage could also represent an adaptive response related to hemostasis. Indeed, platelets release both ATP and thromboxane A 2 , which, as we have seen, potently constrict pericytes. Thus, pericyte constriction after stroke could help to shut down damaged microvessels, limit the breakdown of the blood-brain barrier and prevent edema, a life-threatening complication of stroke.
The demise of capillary pericytes after cerebral ischemia is associated with a fibrotic response that originates from a vascular niche and contributes to tissue remodeling. 24 PDGFRβ + stromal cells proliferate, detach from the neurovascular unit, and deposit extracellular matrix molecules in the ischemic mouse and human brain. 24 The fibrotic response after stroke is reminiscent of PDGFRβ + 'type A' pericytes that reside abluminal to other mural cells, and give rise to scar-forming fibrotic cells that seal the injured spinal cord in GLAST-CreER mice. 27 Similarly, collagen 1α1-expressing PDGFRβ + perivascular fibroblasts were found to produce a fibrotic scar after contusive, nonpenetrating spinal cord injury. 28 In conclusion, pericytes have emerged as important players in neurovascular coupling. The molecular and cellular mediators of central nervous system scarring are still being explored. Novel genetic and imaging tools will help to characterize the origin, fate, and function of the diverse mural cell populations in the healthy and diseased brain.
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